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h  i g  h  l  i g  h  t  s

• The  usual  representations  of the ion
densities  in electrophoresis  are  mis-
leading.

• The  concentration  polarization  must
be taken  into  account.

• The  counterion  density  decreases  in
front  and  increases  behind  a moving
particle.

• The  double  layer  is  slightly  thicker  in
front and  thinner  behind  a moving
particle.

g  r  a  p  h  i c  a  l  a  b  s  t  r  a  c  t

Counterion  density
around  a charged
particle moving
towards the  left in
a DC  electric  field.
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a  b  s  t r  a  c  t

It is shown  that the  often  used representations  of  the ionic  atmosphere  surrounding  a charged  spherical
particle  suspended  in an  electrolyte  solution  and  moving  with  electrophoretic  velocity  under  the action
of  an  applied  electric  field  are  misleading  at best.  Numerical  results  for the  actual  out  of  equilibrium
counterion,  co-ion,  total  ion,  and total  charge  density  distributions  are  presented.

© 2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Ever since the first numerical calculations of the electrophoretic
mobility of spherical colloidal particles suspended in aqueous
electrolyte solutions [1,2], the surrounding ionic atmosphere
perturbed by the applied DC electric field was schematically
represented as either the dot or the dash lines in Fig. 1. This
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figure and all the forthcoming representations were normalized
considering a negatively charged particle in an electric field point-
ing from left to right so that the particle moves towards the
left.

According to Wiersema et al. [1], the dot line in Fig. 1 represents
the “ionic atmosphere” while, according to O’Brien and White [2],
the dash line represents the “counterion cloud”. This second repre-
sentation was repeatedly used in later works [3,4] and, according
to Ohshima [3], the dash line in Fig. 1 corresponds to the “electrical
diffuse double layer”. Finally, a colorful version of this representa-
tion resembling a comet (still far away from the sun) was  actually
adopted as logo for the ELKIN International Symposia on Electroki-
netic Phenomena.
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Fig. 1. Two often used schematic representations of a negatively charged suspended
particle (solid line) and the surrounding ions (dot and dash lines) undergoing elec-
trophoretic motion (see text). The DC external electric field E is applied from left to
right while the electrophoretic velocity V points towards the left.

The motivation for the present work originates in the follow-
ing apparent contradiction. It is well known from the theory of
dielectric and electrokinetic properties of suspensions [5–7] that
a DC electric field leads to the appearance of the concentration
polarization phenomenon. For a negatively charged particle in an
electric field pointing from left to right, the electrolyte concentra-
tion increases on the right side of the particle while it decreases
on its left side. Therefore, the electric double layer should become
thinner on the right side of the particle and thicker on its left side
[8,9], so that the particle should move with the thick part of the
double layer up front. This qualitative behavior contradicts both
representations in Fig. 1.

2. Results and discussion

In order to clarify this contradiction, the ionic concentrations
were numerically calculated solving the standard set of electroki-
netic equations [10]. The system used was chosen to be both rather
typical and such that the electric field induced perturbations were
readily visible: a spherical dielectric particle with fixed surface
charge (no anomalous surface conductivity) immersed in an aque-
ous KCl solution such that �a ≈ 10 and � = −100 mV.  The system
parameters used are given in Table 1.

There are countless numerical works where the equilibrium,
C±

0 (r), and/or the field induced, �C±(r), counterion and co-ion con-
centrations are represented. However, we are interested here in the
total out of equilibrium ion concentrations:

C±(r, �) = C±
0 (r) + �C±(r) cos � (1)

Table 1
System parameters used in the calculation, Figs. 2–8.

Temperature 298.16 K
Particle concentration 1%
Zeta potential −100 mV
Solution relative permittivity 78.54
Particle relative permittivity 2.0
Particle radius 100 nm
Electrolyte concentration 0.001 molar
Solution viscosity 0.8904 mP
Diffusion coefficient K+ 1.9572 × 10−9 m2 s−1

Diffusion coefficient Cl− 2.0331 × 10−9 m2 s−1

Electric field strength 4.11 × 104 V m−1

Fig. 2. Counterion (thick lines) and co-ion (thin lines) concentration profiles. Equi-
librium for all � and out of equilibrium on the equator � = �/2 plane (solid lines). Out
of  equilibrium on the polar axis for � = 0 (dashed lines) and for � = � (dotted lines).
Characters A–D: see text.

The delicate point to take into account is that the calculated field-
induced ion concentrations are linear in the applied field because
they are calculated solving the electrokinetic equation set that has
been linearized with respect to the applied field strength. Therefore,
if the chosen field strength is too weak the obtained results are valid
but the effects are hard to appreciate while, if the field is too strong
the effects are clearly visible but invalid. The field strength used in
the calculation is given in Table 1. This particular value leads to a
ratio of the field-induced to equilibrium counterion concentration
�C+(r)/C+

0 (r) that is always lower than 5%. It also leads to a potential
drop across the particle and its double layer (≈10 mV) that is still
an order of magnitude lower than the equilibrium potential drop
across the double layer (100 mV).

Fig. 2 represents the familiar counterion (thick) and co-ion (thin)
equilibrium concentration profiles C±

0 (r) (solid lines), which also
correspond to the out of equilibrium profiles on the equator plane
C±(r, �/2) (Eq. (1)). The dashed lines represent the out of equi-
librium profiles C±(r, �) calculated on the polar axis (� = 0), while
the dotted lines correspond to � = �. The concentration polarization
phenomenon: increase (decrease) of the electrolyte concentration
on the right (left) hand side of the particle that extends to distances
greater than the particle radius can be clearly appreciated. As can
be seen, the constant counterion concentration line correspond-
ing to a 2% increment with respect to the bulk intersects the polar
axis on the right side of the particle (� = 0) 120 nm from its sur-
face (point A), crosses the equator plane (� = �/2) 45 nm from the
surface (point B), and finally intersects the polar axis on the left
side of the particle (� = �) 34 nm from its surface (point D). As for
the co-ion concentration, it also increases by 2% on the polar axis
(� = 0) 120 nm from the particle surface (point A). However, the cor-
responding constant concentration line never crosses the equator
plane but rather intersects again the polar axis (� = 0) 39 nm from
the surface (point C).

The spherical coordinates of a generic point (r, �) belonging to
a line of constant ion concentration C, must satisfy the following
equation

C0(r) + �C(r) cos � = C (2)

Therefore, for each calculated r value, its orthogonal coordinates
are

x = r cos �, y = r
√

1 − cos2 � (3)
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